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FUEL ELEMENT COMBUSTION PROPERTIES
FOR LIVE WILDLAND UTAH SHRUBS

Chen Shen and Thomas H. Fletcher
Department of Chemical Engineering, Brigham Young University,
Provo, Utah, USA

Current field models for wildfire prediction are mostly based on dry or low-moisture fuel
combustion research. To better study the live fuel combustion behavior, a laminar flow
flat-flame burner was used to provide a convection heating source to ignite an individ-
ual live fuel sample. In this research project, four Utah species were studied: Gambel
oak (Quercus gambelii), canyon maple (Acer grandidentatum), big sagebrush (Artemisia
tridentata), and Utah juniper (Juniperus osteosperma). Leaf geometrical parameters mea-
sured included individual leaf total mass, thickness, leaf width, leaf length, and moisture
content. Time-stamped images of combustion behavior along with time-dependent mass data
were recorded via a LabVIEW system. Combustion characteristics were determined by an
automated MATLAB routine modified for analyzing Utah species images of burning fuel
samples, including time to ignition, time of flame duration, time to maximum flame height,
time to burnout, and maximum flame height. Qualitative results included various combus-
tion phenomena like bursting, brand formation, and bending. Sparks accompanied with leaf
material bursting out were observed for Utah juniper sample combustion mostly before igni-
tion, especially for segments cut from the top of the branch. Quantitative results included
exploration of the best prediction equations for leaf geometrical properties and combustion
characteristics. A beta distribution was used to predict the distribution of dry mass. Multiple
linear regressions were performed on other leaf geometrical properties and combustion char-
acteristics. Minimized Bayesian information criterion (BIC) value models were achieved by
stepwise regression analysis and compared to the previous empirical prediction models.

Keywords: Combustion; Ignition; Utah shrubs

INTRODUCTION

In order to improve the suppression of wildfires (unwanted and uncontrolled) and
the prediction of prescribed fire (ignited intentionally to decrease the amount of live and
dead fuel accumulation in a forest), it is important to better understand wildland fire
propagation (USDA/USDI, 2005). Weber (1991) and Sullivan (2009a, 2009b, 2009c) per-
formed comprehensive reviews of wildfire modeling and classified types of fire propagation
models. The Rothermel model (1972) is a semi-empirical model for a limited number
of live and dead fuels that was further developed into wildfire field operational models:
FARSITE (Finney, 1998) and BEHAVE (Andrews, 1986). Moreover, some computational
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COMBUSTION PROPERTIES FOR LIVE WILDLAND SHRUBS 429

fluid dynamic (CFD) models for wildfire modeling have been developed, such as FIRETEC
and WFDS (Clark et al., 2010; Linn, 1997; Mell et al., 2006). Besides CFD models and the
Rothermel model (1972), many other wildland fire propagation models were developed
based largely on experimental data from dead or dry fuel beds, which might be inappro-
priate for predicting live wildland fuel combustion, especially at high moisture content
(Fletcher et al., 2007; Pickett, 2008). There is a need for better methods to simulate com-
bustion of live wildland fuels, especially for shrubs. Various kinds of live fuel combustion
experimental studies have been conducted previously (Dimitrakopoulos and Papaioannou,
2001; Pickett, 2008; Pickett et al., 2010; Smith, 2005; Weise et al., 2005).

More than 2200 combustion experiments were previously conducted on single live
fuel samples of various species common in California and Utah (Engstrom et al., 2004;
Fletcher et al., 2007; Pickett, 2008; Smith, 2005) over a 3 × 7.5 cm flat-flame burner (FFB)
with no glass cage above to prevent indraft air flow. Both Smith (2005) and Pickett (2008)
performed combustion experiments on four fuels from Utah (canyon maple, Gambel oak,
big sagebrush, and Utah juniper) and developed empirical correlations for combustion char-
acteristics based on properties of leaves. Different correlations were made for each leaf
property. Pickett (2008) developed a first-generation 2D model of Manzanita shrub com-
bustion, based on empirical correlations developed from single leaf experiments. This bush
model was capable of predicting overall burn times and amount of fuel unburned. This
model was later extended to three dimensions (Prince et al., 2010), including effects of
flame coalescence and the effects of wind on flame angle and size, based on the findings of
Cole et al. (2011). Model development is still in progress (Prince, 2014), with a need to treat
more species and environmental factors. Each leaf is treated independently and compared
to the position of other leaves, avoiding the use of a discretized grid. This semi-empirical
model may lead to improvements in operational field-scale models. In this work, improved
geometrical and combustion data for Utah shrubs were obtained and used to develop
improved statistical correlations for subsequent use in shrub combustion simulations.

METHODS

Experimental Apparatus

A flat-flame burner (FFB) was used as the heat source, which can be moved directly
under the leaf (see Figure 1). Fuel gases (CH4 and H2) and oxidizer (air) were premixed
and introduced into the FFB, providing a 1-mm-thick flame at a height of 1 mm above
the sintered bronze burner surface. The vertical distance between the FFB and the leaves
was typically 5 cm, a point where the gas temperature was 1200 K. This premixed FFB
surface was 19 cm × 25 cm. A cage with glass panels was placed above the FFB to avoid
indraft of surrounding air, which introduced natural convection flow recirculation, lead-
ing to a decreased effective flame area. This glass cage ensured a uniform concentration
of 10 mol% O2 in the post-flame gases and a laminar flow environment. The horizontal
temperature and oxygen profiles in this system were much more uniform than in previous
experiments (Fletcher et al., 2007; Pickett, 2008; Smith, 2005) performed with a smaller
burner. The live fuel sample (leaf or twig) was placed horizontally or vertically, according
to experimental purpose, on a rod connected to a mass balance. Leaf samples were clamped
at the stem. Horizontal leaf placement is defined as the leaf pointing horizontally and ver-
tical leaf placement means leaf pointing up. The FFB was placed on a cart, which could be
pulled and stopped exactly under the sample.
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430 C. SHEN AND T. H. FLETCHER

Figure 1 Flat-flame burner experimental set-up.

A bare fine-wire type-K (chromel-alumel) thermocouple was used to measure the gas
temperature close to the leaf sample during each experimental run. The bead diameter of the
thermocouple was 76 µm and the length was 30.5 cm. A Sony CCD-TRV138 camcorder
or a Panasonic SDR-S50P digital camcorder was used to record video images. The images
were collected and digitized by a National Instruments PCI-1411 IMAQ device. A National
Instruments LabVIEW 7.1 program was used for data collection, which simplified data
collection and minimized human error. Video images, temperature, and mass data (from
a Mettler Toledo XS204 analytical mass balance) were collected simultaneously with a
time-stamp at 18 Hz. Video images were digitized and stored as jpeg files along with the
datasheets for each experimental run.

Previously, a CompuTrac moisture analyzer was used to measure the moisture content
(MC) of each sample on a dry mass basis. Moisture content in the forest products industry
is defined on a dry basis (mH2O/mdry) (Fletcher et al., 2007; Pickett et al., 2010). Values of
MC were measured before and after the combustion experiments, and the two values were
averaged together to provide an average MC for all of the experimental runs. However, in
this work, a new method was used to better measure and represent the moisture content of
samples. The moisture content was determined after every third sample was burned in the
FFB. The initial total single leaf mass (m0) of each of the four samples was measured by
a Mettler Toledo AB104 mass balance prior to running the experiment. Then MC can be
calculated from:

MC = mH2O

mdry
= m0 − mdry

mdry
(1)

where mH2O is the leaf moisture mass.
Leaf length (L) and width (W) were measured with a ruler to an accuracy of 0.1 mm

for each sample prior to each experimental run. Length was defined as the longest distance
from tip to stem of a leaf sample. Width was defined as the widest distance from side to
side of a leaf sample. Thickness (�x) was determined by a Chicago brand digital caliper
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COMBUSTION PROPERTIES FOR LIVE WILDLAND SHRUBS 431

Figure 2 Images of Utah species individual samples.

with an accuracy of 0.01 mm. Thickness was measured at different positions of the sample
(excluding leaf vein) and determined by taking an average of all measurements. For non-
broadleaf samples, measurement of the diameter was treated as equivalent to thickness.

Experimental Fuels

Experiments were performed on four kinds of Utah species shown in Figure 2:
Gambel oak (Quercus gambelii Nutt.), canyon maple (Acer grandidentatum Nutt.), big
sagebrush (Artemisia tridentate Nutt.), and Utah juniper (Juniperus osteosperma (Torr.)
Little). The samples of Gambel oak, canyon maple, and big sagebrush were primarily col-
lected from Rock Canyon, Provo, Utah. Utah juniper samples were collected from Diamond
Fork Canyon near Spanish Fork, Utah. Samples were selected and detached from the
branches at random. Samples were collected and burned within five days and are referred to
as live fuels. Combustion experiments were performed on live samples with various mois-
ture contents. If combustion testing was not on the collection day, samples were kept moist
by watering the stems until testing began.

RESULTS AND DISCUSSION

Qualitative Results

Qualitative results are summarized in this section, including ignition and combustion
behavior. Some of the qualitative results for the same species with horizontal placement are
consistent with findings from the small FFB from previous research efforts (Fletcher et al.,
2007; Pickett, 2008; Smith, 2005).

Ignition behavior. Because of the shape of the Gambel oak leaves, ignition nor-
mally started at the tips of the samples when they were placed horizontally. Ignition was
observed at multiple tips on the leaf, and would eventually merge into a sustainable flame.
On the other hand, for vertical leaf placement, the ignition normally started from the bot-
tom edge closest to the FFB. Generally, these bottom edge ignition flames were intense
enough to sustain and propagate towards the center of the leaf. The canyon maple leaf
sample mostly ignited from the bottom big saw-tooth tip or edge when placed vertically.
The horizontal-placed canyon maple sample showed random local ignition sites on the saw-
tooth tips. Utah juniper was burned as a segment (shown as Figure 2c) and ignition occurred
at different tips of the small needles. These small flames with local ignition eventually
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432 C. SHEN AND T. H. FLETCHER

merged into a sustainable flame and engulfed the entire sample. Big sagebrush samples
ignited from the trident tip of the leaf for both single leaf combustion runs and segment
(shown as Figure 2d) combustion runs. Sagebrush segment samples ignited more easily
than single leaf samples, which could be explained by larger surface area per volume of
fuel element exposed to the convective gases.

Combustion behavior. Leaf bending was observed for most of the broadleaf
(Gambel oak and canyon maple) sample runs with horizontal or vertical placements and
combustion of big sagebrush as well. Figure 3 is an example of bending behavior for
Gambel oak burning when the sample was placed horizontally. The square indicates the
clamp position where the bottom of the leaf was placed. The curve is showing the bend-
ing leaf and the triangle indicates the top of the leaf. The sample bent towards the burner
against the convective heating gas flow until maximum flame height was achieved (shown
as Figures 3a–3d). Flame height is defined as the distance between the lowest tip of the
flame (bright pixel) attached to the sample and the top of the flame (bright pixel) recog-
nized by the video image. The sample bent backwards till its original horizontal placement
(shown as Figures 3e–3g).

Brand formation was also observed during four Utah species sample combustion.
Figures 3g and 3h show that the sample was eventually detached from the clip as a brand.
After pyrolysis, the portion touching the clip was not able to hold the whole leaf sample,
which was also often observed for combustion of the canyon maple sample. In some runs,

Figure 3 Bending behavior of Gambel oak sample placed vertically. The yellow line shows the leaf orientation.
Numbers indicate the time stamp from the initial time of the experimental run.
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COMBUSTION PROPERTIES FOR LIVE WILDLAND SHRUBS 433

the stem or part of the leaf that was being held by the clamp burned out, which resulted in
the whole sample detaching from the clamp.

Sparks were often observed before the complete ignition of the sample (shown in
Shen (2013) as consecutive frames). These pictures showed that the sparks appeared on one
frame and disappeared suddenly in the next frame. Accompanying the sparks, there were
usually small amounts of leaf material ejected. The sparking behavior was always observed
for the segments cut from the top section of a juniper branch. Characteristics identified for
the top section of juniper included lighter surface color and thorny surface structure.

Quantitative Results

Approximately 2200 experiments were performed with leaves and fuel segments sus-
pended over the premixed FFB burner with the glass cage present to minimize air indraft.
Results from these new experiments are discussed below.

Leaf properties. For this work, a single leaf was the unit sample for the broadleaf
species (Gambel oak and canyon maple) and small segments were used for the non-
broadleaf species (Utah juniper and big sagebrush). Measurements of leaf properties are
summarized in Table 1.

Single leaf dry mass (mdry), leaf thickness (�x), leaf width (W), and leaf length (L)
were cross-correlated to obtain a distribution of physical leaf parameters from experimen-
tal measurements. The order of prediction for each leaf parameter is shown in Figure 4,
meaning that �x can depend on mdry, W can depend on both mdry and �x, etc.

The total single leaf mass (m0) was measured for each sample before the experi-
ment run. Moisture content (MC) was also estimated for each sample by measurements on
representative samples. Hence, single leaf dry mass (mdry, in gram) can be calculated from:

mdry = m0

MC + 1
(2)

It was found that mdry was well-represented by a beta distribution for most kinds of species
studied and, hence, a beta distribution of mdry was utilized as a basis for predicting all other
leaf parameters. The goodness of the beta distribution fit of mdry is shown in Figure 5 by
the red solid curves, where mdry was normalized as shown in Eq. (3):

Table 1 Measured leaf properties

Species
Moisture content

(%)
Single leaf mass

(g)
Leaf thickness

(mm)
Leaf width

(cm)
Leaf length

(cm)

Gambel oak 8–138 0.03–1.44 0.11–0.42 1.5–11.8 2.7–14.1
Canyon maple 18–150 0.04–0.92 0.06–0.25 2.7–12.1 2.3–8.7
Utah juniper 33–122 0.06–0.48 0.98–1.90b NA 1.2–4.5a

Big sagebrush 41–248 0.06–0.86 0.15–0.58 0.3–1.2 2.3–8.5a

aMeasured as segment length.
bMeasured as needle diameter.

Figure 4 Flowchart illustrating the order of calculation of leaf physical parameters.
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434 C. SHEN AND T. H. FLETCHER

Figure 5 Histogram of the normalized experimental leaf dry mass vs. the fit to a beta distribution and the
corresponding cumulative distribution function.

m̂dry = mdry − Min(mdry)

Max(mdry) − Min(mdry)
(3)

and m̂dry is normalized from mdry. The blue dashed curves are the corresponding cumula-
tive density function. The distributions of mdry for the broadleaf species are more skewed
than for the other two species, with a peak at a lower value and a longer tail. The param-
eters of the beta distributions fitted for single leaf dry mass (mdry) of different species are
summarized in Table 2.

Using beta distributions for mdry from Table 2 and the logic diagram in Figure 5, fur-
ther regression with stepwise analysis to minimize the Bayesian information criterion (BIC)
values (Schwarz, 1978) was performed to predict �x, then W, and then L (all in cm). BIC
is widely used for linear non-nested model selection. Posada and Buckley (2004) compared

Table 2 Parameters of the beta distributions fitted for single leaf dry mass

Species α β

Gambel oak 1.47 ± 0.09 5.64 ± 0.33
Canyon maple 1.42 ± 0.10 3.72 ± 0.31
Utah juniper 1.17 ± 0.12 2.18 ± 0.28
Big sagebrush 1.47 ± 0.12 2.46 ± 0.31

Note: ± indicates the 95% confidence interval.
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COMBUSTION PROPERTIES FOR LIVE WILDLAND SHRUBS 435

Table 3 Summary of regression analysis on leaf geometrical properties for Utah species

Species Predictive equation MSE R2

Gambel oak �x = 0.27 + 0.052 · MC + 0.035 · Ln
(
mdry

)
0.0012 0.35

W = 3.51 − 7.68 · �x + 11.96 · mdry + 3.76 · mH2O 0.63 0.73
L = 10.16 + 0.26 · W + 1.56 · Ln

(
mdry

) + 0.50 · Ln (mH2O) 0.76 0.77
Canyon maple �x = 0.067 + 0.046 · MC + 0.21 · mdry 0.0006 0.37

W = 11.72 − 0.81 · MC − 10.66 · �x + 9.51 · mdry + 1.67 · Ln (mH2O) 0.45 0.81
L = 6.82 − 1.19 · MC + 0.30 · W + 1.01 · Ln (mH2O) 0.37 0.74

Utah juniper �x = 0.88 + 0.50 · MC + 0.62 · mdry 0.033 0.21
L = 5.54 + 1.01 · Ln

(
mdry

)
0.21 0.46

Big sagebrush �x = 0.24 + 0.59 · mdry 0.0043 0.14
L = 5.54 − 4.92 · �x + 8.66 · mH2O 0.72 0.49

different model selection methods and pointed out that BIC tends to select simpler models
than Akaike Information Criterion (AIC) and Bayesian factors. The resulting correlations
from the BIC analysis technique are shown in Table 3. These forms of equations were com-
pared to forms of equations suggested in a semi-empirical bush model (Prince et al., 2010).
Because of the better goodness of fit, smaller mean-square error (MSE) values compared
to the values of regression results from previous equation forms (more details addressed in
Shen (2013)), the equations in Table 3 for Gambel oak, Canyon maple, and Utah juniper
are recommended to be used for leaf property predictions.

The apparent dry density of a leaf (ρ leaf) is defined as the dry mass of a single leaf
divided by the leaf volume, as shown in Eq. (4). Leaf volume is approximated as the small-
est volume of a rectangular that can contain the leaf. Values of ρ leaf were calculated for
broadleaf species (Gambel oak and canyon maple), which is regarded as a possible term
for the stepwise regression of combustion characteristics shown in the next section. A leaf-
shape dependent void fraction factor could be added, but this effect would be automatically
incorporated into the coefficient in the regression for ρ leaf.

ρleaf = mdry

L · W · �x
(4)

Combustion characteristics. Combustion characteristics were determined by
custom automated MATLAB codes (Prince, 2014; Shen, 2013) to process the time-stamped
video images. These combustion characteristics included time to ignition (tig, in s), time to
maximum flame height (tfh, in s), time of flame duration (tfd, in s), maximum flame height
(hf,max, in cm), etc. Time to ignition (tig) is defined as the time difference between exposure
to heat flux and ignition. The time of flame duration (tfd) is the time difference between
the moment of ignition and the moment of burnout. The flame height for each frame dur-
ing combustion of each live fuel sample was determined as the vertical distance from the
bottom bright pixel to the top bright pixel and the maximum flame height (hf,max) was cho-
sen among these frames. A brightness threshold could be adjusted to ensure that the visual
flame height was captured from the video images. The time to maximum flame height (tfh)
was defined as the amount of time between the moment of exposure to heat flux and the
moment of reaching the maximum flame height. Combustion characteristics measurements
are summarized in Table 4. It was observed that tig and tfh varied significantly between
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Table 5 Comparison of average combustion characteristics data for horizontal leaf placement

Species Pickett (2008) This work

tig Gambel oak 0.71 ± 0.07 1.45 ± 0.13
Canyon Maple 0.64 ± 0.10 0.84 ± 0.10
Utah juniper 1.45 ± 0.24 3.94 ± 0.24

tfh Gambel oak 3.01 ± 0.26 4.15 ± 0.25
Canyon Maple 3.82 ± 0.27 2.14 ± 0.19
Utah juniper 8.06 ± 0.68 6.17 ± 0.47

tfd Gambel oak 6.32 ± 0.27 6.35 ± 0.42
Canyon Maple 5.77 ± 0.27 4.85 ± 0.31
Utah juniper 21.08 ± 1.91 14.55 ± 0.86

hf,max Gambel oak 6.7 ± 0.4 19.60 ± 1.02
Canyon Maple 5.3 ± 0.3 18.00 ± 1.30
Utah juniper 8.0 ± 0.5 8.93 ± 0.61

horizontal and vertical sample placement. One of the explanations can be the large temper-
ature gradient in vertically-placed leaf sample, which delayed sample ignition. However,
tfd and hf,max were not affected as significantly as tig and tfh, which suggested orientation
would have less influence on flame propagation.

The data for horizontal leaf placement were compared to the data reported by Pickett
(2008) as shown in Table 5. It was noticed that tig and hf,max were larger in this work, which
can be explained by the increasing surface area of FFB and glass cage installed to prevent
the indraft air and to ensure the 10 mol% oxygen content near the sample.

Leaves with a thickness less than 1 mm are usually regarded as thermally thin
(Brabauskas, 2003), indicating a linear relationship between time to ignition (tig) and leaf
thickness (�x). Only the �x of juniper was larger than 1 mm among these four species.
The tig data are very scattered, which increased the difficulty to developing a general cor-
relation on tig. Linear regressions on tig versus �x are shown in Figure 6. The blue straight
lines are mean values of tig. The linear regression coefficients and comparisons to the fits by
means are shown in Table 6. The MSE using a mean value was similar to the MSE using a
linear correlation based on �x. This indicates that the correlation with �x is weak. Hence,
whether these live fuel samples can be treated as thermally thin is still unclear. Moreover,
significant horizontal temperature gradients were measured on the leaf surface (Pickett,
2008; Pickett et al., 2010; Prince and Fletcher, 2014).

Time to ignition (tig) was also expected to correlate with leaf moisture mass (mH2O)
(Mardini and Lavine, 1995; Moghtaderi et al., 1997; Montgomery and Cheo, 1969; Pickett,
2008; Smith, 2005; Weise et al., 2005; Xanthopoulos and Wakimoto, 1993). Catchpole et al.
(2002) also suggested that evaporated moisture might dilute the volatile gases and cause the
tig to increase. Linear regressions are shown in Figure 7 and Table 7. Based on these results,
it is also hard to draw a significant conclusion that tig is correlated with mH2O. Thus, further
regression analysis is necessary to study the prediction equations for tig by including more
potential leaf property variables for the regression analysis.

Time of flame duration (tfd) was correlated with mdry as shown in Figure 8 and Table 8.
It was observed that the slopes for linear regression of tfd versus mdry were nonzero for these
species, which indicated a better correlation than just represented by the mean. It is obvious
that the tfd is larger for juniper segments than Gambel oak and maple leaves for similar
values of mdry. The slope of the juniper correlation is also much larger than that of Gambel
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438 C. SHEN AND T. H. FLETCHER

Figure 6 Time to ignition vs. leaf thickness for Gambel oak, canyon maple, Utah juniper, and big sagebrush.

Table 6 Summary of linear regressions for time to ignition vs. leaf thickness

Linear regression Fit by mean

Species Intercept Slope MSE Mean MSE

Gambel oak −1.22 ± 0.61 10.89 ± 2.45 0.52 1.45 ± 0.13 0.74
Canyon maple 0.31 ± 0.45 3.74 ± 3.10 0.26 0.84 ± 0.10 0.27
Utah juniper 3.45 ± 2.11 0.35 ± 1.52 1.08 3.94 ± 0.24 1.05
Big sagebrush −2.17 ± 0.95 10.41 ± 2.79 0.30 1.26 ± 0.45 1.04

Note: Values are listed as the mean ± the 95% confidence interval.

oak and maple. Nevertheless, it is still necessary to perform further multi-linear regression
analysis on tfd since other independent variables may also be important. For example, the
variables that can describe the interior structure of leaves might contribute to the predictions
of volatile release, which will lead to better correlation forms for tfd.

It was also expected that hf,max would linearly correlate with mdry. This linear rela-
tionship was also explored and the results (Figure 9 and Table 9) indicated that the slopes
were significant for all the species except big sagebrush. It is noticed that the range of
juniper data is narrower due to the smaller and more consistent segment size. The Gambel
oak data seem to be scattered evenly about the linear correlation. However, the scatter in
the maple data seems to increase at higher values of mdry. The scatter implies that other leaf
properties may have effects on hf,max.

Because the goodness of fit for these basic linear regression analyses is poor to
some extent, it is necessary to perform multiple linear regressions. A stepwise regression
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COMBUSTION PROPERTIES FOR LIVE WILDLAND SHRUBS 439

Figure 7 Time to ignition vs. leaf moisture mass for Gambel oak, canyon maple, Utah juniper, and big sagebrush.

Table 7 Summary of linear regressions for time to ignition vs. leaf moisture mass

Linear regression Fit by mean

Species Intercept Slope MSE Mean MSE

Gambel oak 0.91 ± 0.20 4.23 ± 1.31 0.61 1.45 ± 0.13 0.74
Canyon maple 0.68 ± 0.20 0.90 ± 1.28 0.26 0.84 ± 0.10 0.26
Utah juniper 4.00 ± 0.60 −0.60 ± 5.44 1.08 3.94 ± 0.24 1.05
Big sagebrush −0.04 ± 0.50 13.82 ± 4.44 0.38 1.26 ± 0.45 1.04

Note: Values are listed as the mean ± the 95% confidence interval.

with bidirectional elimination was used to achieve the statistically best models based on
Bayesian information criterion (BIC). This procedure takes all the possible leaf properties
(MC, W, L, �x, mdry, mH2O, and ρ leaf) into account, which were obtained from experimen-
tal measurements. The best statistical models recommended are shown in Table 10. The
number of big sagebrush data was believed to be too small to be statistically relevant and,
hence, sagebrush correlations are not included here. Further experiments on big sagebrush
segments are necessary. As shown in Table 10, the MSEs for the BIC correlations are
smaller than those for the linear regression shown previously. Note that the correlations
for each species do not use the same variables and, hence, are not general in nature (i.e.,
the correlations cannot be applied to other species). Although the R2 values are quite low
for some correlations, indicating more independent variables needed for regression, it is
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440 C. SHEN AND T. H. FLETCHER

Figure 8 Time of flame duration vs. leaf volatile mass for Gambel oak, canyon maple, Utah juniper, and big
sagebrush.

Table 8 Summary of linear regressions for the time of flame duration versus leaf dry mass

Linear regression Fit by mean

Species Intercept Slope MSE Mean MSE

Gambel oak 2.60 ± 0.57 23.38 ± 3.11 3.36 6.35 ± 0.42 7.73
Canyon maple 2.88 ± 0.37 12.71 ± 2.24 0.80 4.85 ± 0.31 1.89
Utah juniper 8.46 ± 1.59 57.38 ± 13.84 6.82 14.55 ± 0.86 13.11
Big sagebrush 2.21 ± 5.92 97.77 ± 44.36 6.68 14.78 ± 2.65 17.75

Note: Values are listed as the mean ± the 95% confidence interval.

believed that these correlations of combustion characteristics are the best available for live
leaves or segments for these species.

SUMMARY

Observations of combustion experiments of live leaves showed that ignition was ini-
tiated at the tip or edge of the leaf, where local surface area was relatively large. Bending
behavior was observed during combustion experiments of Gambel oak, canyon maple, and
big sagebrush. Brand formation was mainly observed in combustion of leaf samples of light
weight. Some samples detached from the clip after burnout and some samples detached
from the clip when samples were still flaming, especially for canyon maple. Sparks and
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Figure 9 Maximum flame height vs. leaf volatile mass for Gambel oak, canyon maple, Utah juniper, and big
sagebrush.

Table 9 Summary of linear regressions for the maximum flame height vs. leaf dry mass

Linear regression Fit by mean

Species Intercept Slope MSE Mean MSE

Gambel oak 12.07 ± 1.58 45.99 ± 8.33 29.25 19.60 ± 1.02 48.10
Canyon maple 8.15 ± 1.50 65.16 ± 8.74 15.03 18.00 ± 1.30 47.60
Utah juniper 4.08 ± 1.08 45.61 ± 9.34 3.42 8.93 ± 0.61 7.42
Big sagebrush 15.60 ± 3.45 −12.84 ± 25.95 8.19 14.00 ± 1.21 7.87

Note: Values are listed as the mean ± the 95% confidence interval.

bursting behavior were observed usually before ignition of the Utah juniper sample, which
occurred particularly for young juniper segments cut from the top of the branch.

Statistical analyses were performed on both leaf geometrical properties and com-
bustion characteristics. A beta distribution was used to describe individual leaf dry mass
(mdry). Multiple linear regressions were performed to correlate leaf thickness (�x), leaf
width (W), and leaf length (L) (in this order). Multiple linear regression correlations for
combustion characteristics (time to ignition (tig), time of flame duration (tfd), time to max-
imum flame height (tfh), time to burnout (tbrn), maximum flame height (hf,max), etc.) were
also developed. Linear regressions for tig, tfd, and hf,max were developed based on �x,
mH2O, and/or mdry and compared with mean values. Minimized Bayesian information cri-
terion value models were achieved by stepwise regression analysis of several variables.
Correlations were first developed based on single properties. The BIC-based correlations
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442 C. SHEN AND T. H. FLETCHER

Table 10 Summary of recommended correlations for combustion characteristics for Utah species

Species Predictive equation MSE R2

Gambel oak tig = −1.15 + 1.59 · MC − 0.094 · W + 7.13 · �x 0.32 0.58
tfd = 3.05 + 1.02 · Ln (MC) + 22.82 · mdry 3.11 0.61
hf ,max = 2.24 − 9.15 · MC + 2.04 · W + 1.54 · L + 24.55 · �x 15.93 0.65
tfh = 3.02 − 0.31 · L + 14.28 · mH2O 0.61 0.57

Canyon maple tig = 0.92 + 0.86 · Ln (MC) 0.15 0.40
tfd = 1.44 + 12.44 · �x + 6.78 · mdry + 4.49 · mH2O 0.57 0.71
hf ,max = −21.55 + 2.68 · W + 1.37 · L + 62.14 · �x − 27.42 · mH2O +

29.72 · ρleaf

10.98 0.75

tfh = 10.79 + 1.07 · Ln (MC) − 0.54 · W + 2.05 · Ln
(
mdry

)
0.38 0.48

Utah juniper tiga = −0.60 · mH2O + 4.00 1.08 0.0007
tfd = 5.21 + 3.24 · �x + 53.00 · mH2O 6.01 0.51
hf ,max = 5.47 − 4.21 · MC + 1.00 · L + 33.90 · mH2O 3.58 0.45
tfh = 6.23 + 2.75 · Ln (MC) + 14.78 · mdry 6.41 0.10

aCorrelation used from single component analysis rather than BIC analysis.

were then developed based on multiple properties, which reduced the mean-square error
(MSE) by an average of 25% from that of the single property correlations. Recommended
correlations were presented and these species-specific correlations can be embedded into
semi-empirical multi-leaf combustion models being developed (Prince et al., 2010).
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